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ABSTRACT: Experiments on the initiation of detonution in
cast and pressed explosives (TNT and various cyclotols),
subjected to plane shocks introduced at a plane surface, are
presented snd discussed. Shock amplitudes ranging from 28 to
140 kilobe:s in the explosive were generaved by using plane
wave lenszs with various combinations of donor explosive and
barrier composition and geometry. The shock velocity was
obtained in each sample as a function of distance of travel
into the wedye-shaped specimen from distance-time records
obtained with a smear camera, The resulting curves for cast
explosives are found to be qujite different from those for
pressed explosives. Furthermore, cast THNT exhibited a result
ancmalous to the other cast charges. The obssrvatious are
incerpreted as showing evidence that "hotespots™ must be
present behind the shock to explain the rapidity with which
the datonation is watablished. Scurces of hot-spot formation
are suggested. The results obiailned at the lowsr shock
amplitudes when compared to results on the NOL gap test lend
support to the {dea that peak pressure and presgure histcory
in the shocked elements of explosive are far more important
than wave shape in determining the time for transition

to detonation.
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THE SHOCK TO DETONAYTION TRANSITION IN SOLID EXPLOSIVES

This repcrt Adescribas recent NOL experimentz) work and thinking
concerning the phenomenon of iritiation of detsnation in an
explosive subjected to a plune shock of known psak amplitude.

The necessary information on shock amplitude ie obtained Ly means
of direct measuremeni of shock velocity in thu experimernt. These
results taken in conjunction with relateda experiments and
theoretical work on the transition from shock to cetonation are
beliaved to contribute subatantially to our understanding of how
explosives are initiated. Thies understanding is of utmost
importance in defining the sensitivity of explosive and pripellant
materjals, and in ¢efining the variables which are inportant to
characterizing sensitivity. The ultimate objective of work

along thcse lines is the establishment of a basis for safety in
handling and reliability ir the use of military ordnance.

This re¢port was presented as a discussion paper at a Detonatiecn
Phenomena session of the Ninth Symposium (Internaticnal) on
Combunatian hald ay Cornaell University on Avguet 27 - Sontamher 1
1962, and sponsored by tha Combustion Institute. It will
eventually be published a3 a contribution to the Proceedings of
that Symposium,

The work was porformed under NOL Task 260, Project LACE.

A previous BOL report to which this work is related appeared as
NAVORD Report 5710, confidential.

R. E. ODENING
Captain, UsSN
Conmar.der
syl
(’ 'y .{{C DLW
C. J. ARONSON
By dirsction
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INTROLJCTION

It waay ke oY historical interest to note that many year.
agy Cornell Universicy was the acene of another diszcussion on
the problems of shoch-to-deatonation tranzition. 1In 1945 a
small gruoup of scientists rrom the OSRD, the National Research
Council of Canada, the knay, and the Navy met here to exchange
ideaus ccncerning dstonation in explosiver. G. Hertzberg (1)
described to that croup sone interesting smear-camaera records
he had obtained concerning the irnitiation of detonation ia
80lid and 1iquid expicsives. At the same meeting he dascribed
a card-gap test which wao prohably the first of many to follow,
B. Boyys (2) also presented & number of important, and at that
time perplexing, experimental observations on the cransiticn
from shock to detcnativn. The work djscussed in that ineeting,
and nuch of the work that followsd, suffered for lack of
quantitative description of the forces and energius present in
the incoming shock which cause a detonation to form.

After a lapse of over ten years, work began to bo reportsd
in the open literature which describhad in guantitative terms
the build-vp to deconation from shocks of krown prassure
anplitudes (3-7). The list of papers has grown rapidly in more
recent years (8-15). 1In the majority of these papers the kuild-
up to datcnaticn hes been attributed to an initiatiorn of
chemicai reaction by sither a uniform or a locaiized temperature
rise arsociated with the adiabztic comrresegion; followed by grovth
deteriniled by the con*inned speed-up of the reaction once begun.
An alternate hvpothesies which postulates the development of
high thermal conductivity behind the shock leading to a heat
pulse has also uppeaxed ().6--17). The latter hypothezis makes
no clear distinction be.ween the bohavior of iigquids and poly-
crystalline solids. The former. more prevalent, viewpoint
supplies a framewcrk for explaining diffe-ences in behavior:
(a? batween solids and liquids, (b) between snlids formed by
different techniques (such as by casting ¢r by pressing), (c)
due to geometric config.rations 5f the medium under stuady, and
(d) due to spatial and temporal distribution of pressure and
flow. The transition to detonatioi. in & liquid ex,losive, when
& plane step shock is inducad in it, appeacs (0 be the simplest
to explain in its physical aspects (8, 139-20). Here tho
temperalure crise in a homogeneous compression scems sufficient
to account for the build-up to det-nation. The meager evideice
from experim nts on single crystals, carried out in asuch a way
that rarefacticn effectsc mav be considered negligible, sre in
ancord with this mclel (93,
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The responsd «f polycrystalline sollid explesives to the
entering shock is not as clear as in the case of liquid explosives.
Solid explosivee ;re formed into a mass which contains numercus
crystal entities, and both mrcroscopic and microscopic voids. .
Wnen initiated by plana shocks of low shock amplituds, tha
depen.ience of build-up time on crysta'® size and void content
makes it faixly evidant that the low temperature rise caliulat-~d
for a homoyeneous compression cannot account for the Observed
transition. Thus a hot-spct mechaniam of the type suggested by
Bowden and others (21--24) io required. The confirmation of
early work by Wirai-~ (7) and Marlow (6), who reported that
inducad shocks witl ,.-essures as low as 20 kilobars would cause
transition-to-detonation, has est..blished important support of a
mechanism centered around a relatively small number of initiation
sites. 5+tudies to show how a detonation develops when both the
physical state of the explosive and the ehock amplitude are
varied, are beginning to lead to a batter understanding of the
nature, magritude aand behavior of the initiation sites.

The shock~to-detonation transition has ween studied at NOL
by the use of a plane-wave system rrranged in such a way as to -
make it possible to follow continuously the wave fiont within
the shocked sample (3, 4). The experiments tc be descrived
have made it possible simultineously to establish the initial .
pressure in the shock and to observe the growth-to-detonation
as it develops. Thc cbservations are made on a wedge-shaped

test sample, the wedge permitting cobservations without groussly
affacting the ona-dimensicnal flow in the region of intarear.
Tnis is equxvalent t¢ the obsarvation of grrwth withip an
explosive charge< of much lziger dimensions. Thus, the results
appesar t0 agree reasoi.ably well with shock-initiation work on
lons cylinders of cross~sectional area comparable to the area
of the face >f the test wedge, provided: (a) the observatiorns
in the cylirdsr are nade in the region of its axis (nov on ius
exterior gurface), and (b) the pressure~tim. histories of the
entering shock are similar. Th« results of these experiments
are in accord with the explanation that growth-to~detcnation
in poly:rystalline golids is the rasult of pressure build-up
from temperature-triggered chemical i1eaction spreading from
Jocalized sites.

EXPERIMESTAL

A typical set-~up for generating 20-to 180-kilcbar, plane
shocks in the test ctpecim n is illustrataed in Figure 1. 1In
this example the li~cm diameter plane-wave generator dsveloped
a detonation wave that was fiat to 2 (.3 rm over a dianeter of
9 cm. 2 slab of explosive, 12.5 em x 12.5 cm x 2.5 cm was
rlaced between the generustor und a 20--m diameter disc of inert
barrier, or shock attenuator. A sampls of the tast explosive, .

2
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. in the form of a 25" wedge {apex angle $0°) was then placed un

the¢ opposite face of the attenuator., (A thin film of silicone
Sl grease was genarally placed latweci the attenuator and the test -
E B . wedge to minimize the possibility of accideatally causing a |
LE hot~-spot by a small anount of entrapped air in the region.) In :
gereral the test wedges had faces 3.2 cm by 3.2 cm, and thurefore
were 1.4 cm high. For the less sensitive explosives, or vhere
very low-amplitude shocl's were to be usad, larger wodge- were
employed: faces 5 cm by 5 cm, and by chanjying to a 30 sugle, vwere
2.6 c¢cn high,

g

A i
i
A

The aifferent pressure levels in the test explouive wedga
were obtained by varying tha ditferent comgonents of tha shock-
gienarating system. Thus, the slab of explosive, betwaen the
plane~wave generator and the inert shock attenuator, was either R
cast Compeosition B, Baratol, ox TNT; in addition, the thicknass -
of this slab was increased to as much as 5 cm, as the nced
warranted., The attenuator was eithexr solid brass, aluminus:, or
Flexiylas, or was made from l-cm thicknesses of such materials
in various .aminated configuratiors, to produced the desired
shiock pressuies,

The phase vealocity of shock arrival along the wedge free
surface was cdetermined with a smear camera having a writing
speed of 3.8 mm/microsecond. The ar.ival of the wave was re-
corded by tre camera by using an aluminized Mylar {ilm on the
surface of the specimen, and reflecting light from an electrically-
exploded wire confined in a glass capillarv. When the wave reached
a~ point on the surface, the reflection from the Mylar mdirror
was abruptly reduced, as shown in Pigure 2, permitting preciase
determination of time vs distance of pene ration of the shock
into the wedge. ‘eloucity of shock propagation was then ob-
teained by graphical differentiation. The wedge angle was chosen
tc be aw small as possible consistent with the desired height,
so that rarefactions from thr region previously shocked would
not penetrate into the region behind the yvet-unshocked portion
of the wedge in time to effact the deaired obeervations.

Fcr each experimental arrangement the initial free-surface
velocity of the attenuator, without the aiplosive sample, was
determined by direct measurement in an ideatical lans-denor-
attenuator system. Similar preliiinary experiments determined
that, at the centex of the plats, over a diameter of 5 cm, or
more, the tins-of-arrival of the shock was simuitaneous to within
30 nanomeconds, while the free-surface velocity was constant to
within 2 2%X. The particle velocity in the attenuator, at the
metal-specimen interface, i3 then given by the usual assumption
that it was one-half the measured initial free-suxrface velocity.
The shock Hugoniote for Plexiglas and for the Naval brass used

3
UNCLASSIFIED




UNULASSIFIRD
NOLTR 62-197

in thase exj »riwents we-re obtained by direct measurement of
ghock and fiee-surface veloccity by Lhe methods describsd by
Rice a{ .1 (24), and Ly Coieburn (25). The Hugonict for 245T
wluminum was taken from the report by Rice (24).

INFORMATIUN CBTAINED

The oxplusives studied and their pertinent prcperties are
listed in Takle I. ‘'ihe observad time-of-arrival of the shock
di sturbance st the wadde ires surface was coriverted to a
valocity-distance (U-s) curve within the wedge, by careful slope
measurement of the smear-carcia record, assuming plana-wave
propugation inside the wadge. As shown below, the value of the
obsexved shock velocity at zero wadge thickness was used with
the Hugoaiot data for the shock attenuator, to determine the
initial pcessure in the explosive. Hugoniots for the urreacced
explosives were then constructed frvom these data, assuming that
negligible chamical reactior. had occurred at this zero wedge
thicknees during passage of the shock. Shock velocities at low
pressure ip~ 2KB) were established from measurenents made on
the same expl.osivaes, using a simple aguarium method for shock
transit-time observations (2€).

The shock Hugoniots for both the inert barriers and the
nor~reacting explosives z2ra conveniently expressed by relating
shock velocity (U) to particle velociiy (u) in the simple form:

U—a+bu+cu?, 1)

where a, D, and ¢ aru constants, When *his eguation is applisd
to the experimental data by the method of least squares, the
value of the constant, c, is nften so small, that in the region
¢f interest, the U-u relation can generally be considered linear
to accaptable accuracy. The valuss of a, b, and ¢ in this
equstion are listed in Table II for a numher of naterials used
in our wourk. Pressure, density, and anergy jumps across the
shock front tre derived Ly the well-krnown hydrodynamic relations
£5r a shock (assuming initial pressure regligible):

p= 0 VU v, 2}

e~ 0, u/(u-u), 3)
-y o 2

E-E =PV, v)/2=u"/2, 4)

where p is pressure, pis density, E 18 specific energy and v is
specific volume (reciprocal of 9). Subscript "o" refers to the
unshocked state. The particla veleocity in the non-reacting
explosive was determined by boundsry-value matching of p and u,
as illustrated in F.gure 3, using the calibrated values of

4
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particle velocity and pressure in the barrier (at the barrier,
test-explosive interface) and the ovbserved shock velocity in

the test explosive (at the same interface)-. In the Figure,
subscript "e” refers o states within the shocked explosive;
subscript "m" refers to states within the shocked inatal barrier.
In applying this method, the p-u curve for the reflected rare-
frction (or shock) wave within the barrier (in this illustratioan,
brass) is approximated by the raflection of the shock p-u curve
for :he barrier, about the line: u equal to 1/2 the free surface
velccity for the barrier in the given experiment. Since the
pressure and the particle velocity across the interface must be
cont.inuous, the desired solution is the interesaction of this
rarefaction line, with the straight line for the explosive
passing through the origin and having a slope

[

p/u = ( pou)e‘ 5)

where U is the measured shock velocity in the test wedge of
explosive, at the barrisr-wedge interface. In spite of the
approximation. involved, this method is a substantial improvemsut
over the linearized impedarce equation assumption often made,
and | "aviously used in this Laboratory (3). The latter method
leads to a larger systematic erzor in the pressure and particle
velocity than the present approach.

RESULTS

The experimental observations may be conveniently shown as
graphs of shock velocity in the explosive sample as a function
Or distance traveled trom the metyl 1ntertace. Filguras 4 and 5
arc typi:ul of the results found at NOL. 1In Figure 4, the
results for the three cast cyclotols ar2 shown for three initial
shock amplitudes using brass attenuators. The first point to be
noted is that the initial wave velocity increasas as the brass
plate thickness decreases. The initial values for the two
Composition R tyres are the same for a given brass thickness.
These velocities were converted to the pressures shown in Pigure
4 by the procedure vreviously described. The second feature of
the curves is that the dis*ance to build-up-to-detonation is a
function of the initial presaure. Composition B-3 ghows a
shorter transition distance than Composition B at each pressure
level. The difference most probably is due to an RIX particle-
nize effect. The curves cof Figure 4 are typical of the largest
majority of records obtained in this Laboratory on over a hundred
trials with a number of cast and plastic-bonded explosives at
bulk densities in excess of 97% of theoretical maximum.

TNT, when cast, exhibits =z somewhat different shock propa-

gation history. For initial pressures in the explosi'e below
100 kilobars our records consistently show evidence of what

S
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appears (o be a levellirng Off of velocity in the neighborhood
of 5.3 mm per microsecend, fcllowed by a second rise, tc normal
detonation velocity, Figure Sa. This tvpe of observation has
appeared too frequently for us to attribute it to reading error.
J. M. Majowicz (3) first cbserved ihie initial step. but failed

to see the later tranaition~- toe=dstonation because his wedge

vwas only 14 mm in height. The final transition is seen to occur
at greater distances in the pressure range shown in Figure ta.
When the initial shock in the cast TNT exceeded 130 kilobars. the
initial wave velocity exceeded this intermediate, platezu value
and only one transition waes observed, with a considerably
shortaned distance to aetonation, PFor pressed TiiT, “he results
for low initial shock pressure show new features, Figure 5b. The
obaerved initial shock velocity is out of line when compared with
the results from cast TNY, being too high for a none-reactive shoch.
Furthermore, the transition-to~datonation occurs in a distance
considerably shorter than in the case of cast TNT charges shccked
by trhe aame shock generator system. One ay note that one of the
curves in Figure 5b involves a pressed charge at a density highox
than that orf the cast TNT, yet the growth distance to detcnation
is still only 4 mm as compared to 15 to 20 mm for the cast charges
shocked in a aimilar manner. It is therefore quite clear that
“harge vorosity per se is insufficient to describe the 2ffect of
physical state on the transition history. %he effect ¢f pressing,
showm here for TNT, in shortening the transition distance is alse
pressnt in the cyclotols and in eother explogives. We myy cite
Composition B as an example: with a l=-inch brass barrier (initial
Pe™77 kilcbars) pressad Composition B reached full detonation
velocity in less than 2 mm, comparad to 4 mm fer the cast
explosive.

The "overshoot" shown in the velocity-~distance curve of
pressed TNT, Piqure Sb, requires comment. In pressed explosives
our camera iecords congistantly have shown this irregularity,
which we have interpreted as a transient rise to velocities in
excess of the ..ormal detonation rate. 1In some records the
velocitiess appear to be as much as 50% over normal, but more
frequently, as shown in Fiqure 5b, the excess is about 20 - 30%.
Such overshoote are entirely possidble, we believe, on hydre-
dynamic grounds, dspending on the nature of the reaction-rate
profile behind the ghock front. {n the other hand the distance
over which excess velucity has been observed in our records is
small, of the order of 1-3 mm., While reading errors, nade
dur.na measurements of phenomana rapidly changing over such small
distances, are aggravated by the mathematical process of differ-
entiation. careful 2xamination of the photographs indicate thzt
the records definitely exhibit such super-velocities. We believe,
therefore, that the photographic evidence of the overshocts is
beyond reading error, aithough the magnitudes of the overshoots
cannot he preciseiy determined. Campbell, et al (9), have also
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studied presaed charges. They have been quite emphatic that no
ovarchoot had been cetected in any of their experiments on
pressed sclide., We admit that there is room here for hLonest
differences, and these may be due to differencas in the two sets
of sxperimenta. More refinemant ¢of the experiments are needed
to settla the queation.

The transition distance vs initial shock amplitude within
the erplozive has now Lesn jetarmined for cast Composition B-3,
over the iange 30 - 136 kilobars. It has been found that a
straight line very nearly fits the results if one plots the
reciprocal of the distance against the initial pressure, as
shown in Fiqure 6. This line extrapolates tc an infinite distance
at p,.=28 kilobares. This can be interpreted as an irdication of
thae " thrashcold pressure for initiating this explosive with the
givan shock genarator. A cursory exarination has bren made of
the rate of pressure decay behind the shock in the shock
generator system used to obtain tle data of Figure 6. Our best
estinnte is that the pressure will fali to about 60% of peak in
a time of 2 microseconds after passage of the shock inte the
ei:piosive, in the absence of chemical raszction. This decay rate
is comparable to that eastimated to occur in the NOL gap test
(12) . When Composition B-3 was tested in that gap experimsnt,
the 50X point for detonation was found to require an initial peaXx
nressure in the exnlcejve of 20 kilobara. The closeness of the
thrashold shock pressures in the two experiments for the Bans
explosive may ke used to infer that the long cylinders wili, neax
the sengitivity limit, show the same uniform initial velocity
as we have found in the wvedges at very nearly the same pressure
level. The velocity would be near acoustic because at pressures
in the neighborhooé of 20 kilobars the shock wave velocity ia
near to the limiting acoustic valve. Cachia and Whitbread (5)
have actually observed this initial “constant® velocity with
ioniration probes emktedded in sylindrical charges at somewhat
higher pressure lavels (U=4 mm/microsecond). The 50% gap
experiment has chown a very sharp cut-off oetween “go" and "no-
go” in Composition B. It now appears that the range between
practically 0% probability of detonation build-up and practically
100% probability is about 1 to 2 kilobars in the donor shock.
We could interpret this result tc mean that in the constant
velocity vegion the shock preasure is actually increasing by
about this amcunt in the cases wnere a detonation is established.

DISCUSS ION

The clarification of the nature of the growth-to-detonatinn
from a mechanical shock has required that quantitative megnsure-
ments of the initial shock preasure be estavlished. Since the
first work at NOL we have mapped out (non-reactive) shock
Hugoniots €for a uumber of sclid explosives:; two are “resented

-
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hexre. Our work has shown that beth time and distance for growth-
to-detonation is monotonely related to this initial shock
amplitude. 1In 1956 an ad hoc theory was presented in a note by
one of us {(27) to relate the growth vrocess to shock and reaction
variables. It was pointed out in that ncce that the history of
the build=-up wculd probably depend not only »n the initial shack
amplitude but alsc on the nature of the rarefactions behind the
initial shock. A subsequent paper by Majowicz and Jacobs (3]
concluded that the build-up in experiments such as those
presented here, must have irvolvad a substantial inductien
period before anr chemical reaction occiurred, because tle
observed shock velocity was initially ccnstant, insofar as we
could detcrmine. Our present position has changed in regard to
this delay mechanism, It is now clear to us that our initial
shock was followed by a rather ateep pressure decay. 1n the
presence of thie rarefaction, the velocitv of the leading aliock
in the explosive suould have ifzllen by a measureadle anount if
it had not been supported by energy contributions from reactions
which must have occurred shertly after passage of the shock. The
absence of such a velocity decay indicates that the rate of the
reaction closely behing the wave must be increasing as the shock
progresses, s8¢ that ultimately, the reaction rate, increasing
non-linearly, causrss the shock to build-up very rapidly tc
a detonation.

There now nave beear reported a numier of reiated studies
by several groups to deacribe in quantitative terms, the growth-
cto-detcnation in sclids. Through these studies it is apparent
that a unified pictuze is emerging. 1In discussing the problem
we find important support in the work of Campbell et al (3),
who used plane shocks zs we did, but employed doaovr chargss
which werc considerably larger, thus leading to a much slower
decay of praessure behind the incident shock. Brown and whitbread
(15), who stud.ed initiaticn by the impact of diskes made of
several materials, showed quite clearly that the threshold foi
initiation depends on both the amplitude and duration of the
initial shock within the explusive but not on tha properties
of the disk. Favier ané Fauquignon {14) have also shown a
dependence of the build-up distance on the pressure induced in
the explosive irrespective of the attenuator composition.

Similar findings have bsen reported by Sultanroff and Boyle (19)
fcr ghocks through various attenusting media including air, and
for shocks induced by ecylinder impact., Jaffe, Beauregard and
amster (12) have established the relation betwsen harrier
thicknes* and shock peak pressure in a controlled gap-test
experiment and have thereby =stablished thresholds for iaitiation
where the duration cf the incident shock ie somswhat longer than
that of Brown and Whitbread.
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If w2 confine our attention to cast and plastic-bonded
sxrlosives, the conclusion reached by Cachia and Whitbread (5)
and by Campbeil, Davis, Ramsay, Travis (9) for build-up to
detonation is, with mircr modifications, the interpretation
which we £ind acceptable. This may ba stated as follows. The
incident shock injtiates a small amount of chemical reaction
(in localized regions) with essentially nc delay. The growth
depends on the pressure effect due to the initial shock plus
the pressura contribution due to the reaction. If the net
presiure behind the wave increases, the leading siock will
grow to a detonation, If it decreases the detonation will fail.
The first pcint nf complete reaction will depend on the reaction-
time history experienced by the explosive layers after the shock
has passed. If recctior in regions behind the shock are alowed
down or stopped by adiabatic expansion or heat conduction, the
detonation wave will probably form at or near the shock front,
if it is formed at all, The extent o€ initial reaction and its
subsequent growth in a given region will be strongly dependen:
on the 2hock amp.'tude entering that region.

Befure exploriny the machaniem further, we would like to
point cat a few facts and their implication concerning shock
initiation cf detonation uear threshcold pressures. It ir now
Jquite clear trat detonations can be initiated in solid explosives
by shocks with peak pressures between 20 and 40 kilobars. in
cy¥lindrical chrrges of l=tc 2-inch diameter or in comparable
square charges (6, ?, 10, 12). By comparison, liquid nitro-
methane requires 86 kilobars, liquid4 TRT about 125 kilobars,
and Dithekite 13 (HNOj/nitrobenzene/f,0:63/24/13) abcut 85
kilcbars (8). In these low density liquido, the average
temperatur » rise at these preasures, in the reiginborhood of
800 to 100 “C, appears quite adequate to account for transition
to detonation by an initjation process involving homogenecus
react on kinetics. The hydrodynamic calculations made by
Hubbard and Johnson (18), Boyer (19}, and BEaig (20), clearly
show a direct corresponder:c: between what js observed experi-
mer.tally and what is predicted from computer runs. In particular
the rarid growth to a detonation behind the leading shock, the
overshuoot in velocity and pressure when this detonation over-
takes the lesading shock, and the subaequent decay to normal
detonation, appear in both the experiments and in the computa-
tione. It is less clesr that the temperacure rise associated
with a honogeneous compressior can ba sufficient to initiate
reaction in solids at pressures of 80 kilobars, and at 20-30
kiiobars such a possibility is out of the question. At 80
kilobars the Hugoniot energy jump given by equation 4 is 122
calories per gram for Composition B, If we assume that all of
this energy is thermal and the cpecific heat is as low as 0.35
cal/g/dag the temperature rise wculd ba 350°C on the average.
At 3C kilobars the Hugoniot energy is only 28 cal/gm and the

9
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average temperature rise using the above assumptions is 79 C.
There io ampls opportunity to consider the localizing of energy

in mieroscopic regions (but larce relative to molscular divensions!
within the solide under compreraion. Many workers fcllowing Bowdea
havs noted the existence of small voids in sclids, and have
accepted the simple hypothesis that qas in such voids woull get
sufficiently hot under shock compression to tupply the nseded
initistion temperature rise. This arqument was trasted ky Cachia
and Whitbread by comparing the S0% gaps for an explosive concain-
ing in its voida, varicus gases or a vacuum {S). The same 30%
point was found in every case. 1Is it not possible that the void
act in other waye? We think the answer is yes.

A fow Of the possible ways for localiring cnergy ars the
following:

&, Micro--<ughaess of the shcck a2nd rhock-wavs
interactisn (Campbrll).

b. Elastic-plastic changes behind the shock front
with localized shear or fracture.

c. Discontinuity of fiow near voids le- ding
to shear.

- .
A &

e _ a2 R . B Qe mds
e HivLWIAL LA MY W awve Qv

e. Spalling or spray into voids. (Juhannson).
f. Phase chenge under shock loading.
g. Dafects in the crystallities.

¥We do not have evilence to support ungmbiguously any of the

sbove as the mechanisms. Our thinking has strongly leaned to
shock~produced micro-shear or micro-fracture at or near veids,
as the path by which the explosive in lccally ignited, but wa
do not yet know pracisely how to characterite these variables.

In the paper by Cempbell on initiation of solids (9),
evidence is cited to ths «ffect that the explosive near the
entering boundary reacts to only a small extent, tranomits its
excess pressure, and then apparantly stoprs reacting. They eiata,
cn tha basis of these experiments, that the exploaive in that
region not only faiis to react to compietion but also will not
sustain further reaction when subjected to a second shock (as
from the region where detoni.ion finally is established). This
arqument is plausible, we helieve, for some solid explosives in
the wedce type experiment used by Campbell and by us. Two bits
of information will be used to diascuss this point. First.

10
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. Boyer (28) has used a rodel to compute the transition to detona-~
tion in solid explosives in which two mechanisms for reaction
are asgumed to proceed simultansously. One is an ignition

. reaction based on first order homogunsous reaction kinetics:
the second is a surface burning rxeaction in which the Arrhenius
tsrms contained in the equation are the srme as in the ignition
roaction. An arbitrary limit of 1% of the tctal mase is allowed
te rsact according to the ignition mechaniem. The computed
rexult showed a shock velocity vs distance curve very similar to
thcese shown in Figure 4. The result also showad rsaction to
first go to complstion at points in the explosive which were near
the accelerating shock front. No basls is given for limiting
the amount of material reacted by the ignition yreaction to 1%.
It ie poseible, however, that heat transfer from the reacted
aites could, in fact, cause a limita“.on of reaction to this
order of magnitude provided that tha initial shock were not too
strong. If it is assumed that localized reaction c¢an qusnch
after & vary short time an explanat.on must still be found to
account for failure to re-ignite and propagate a detonation
backward after detonation is established in the forward dirasction.

. The follewing observation on detonation failure in preshocked
solid explosives seem pertinent to this problem.

It has been established by repeated expsriments in our
Laboratory, that a steady~-state detonation in a sheet of EL so6ct
batween 0.05 ard 0.24 inches in thickness, can ba quenched if the
dateonation encounters e regicm in the explosive which is being
compressed to & high denasity by a sacond shock wave having = peak
pressure betweern about 10 and 20 kileobars. In one series of
expariments using the set-up of Figure 7, the explosive in two
parellel layers saparated by a plastic gap wers initiated simul-
tansously at opposite ends. As beth detoaations propsgated, the
how shock  bashind the detonations moved toward the alternats
laysr cof explosgive. Each layer of explosive was thus compresses
by a shock from the alternate layer of sxplosive. Whsn & detona-
tion reached the preshocked zone it was secn to fail very quickly
in smear camsra records. Undetonated _explosive cculd be picked
up from ths floor of the test chamber2. Other explosives have
shown similar quenchout, e.g. cast HMX/TNIT., HMX/Flastic., It .s 1
very likely that the shocked explosive reacied tu scme 8mgll degres

1. EL-506C is a pliabla, sheet explosive, manufactured by B. I,
duPont Co,, containing approximately 70% PETN, and 30% irart
material,

2, Johannson (31) has described experiments on dynamites in which

::fllhoeku, leading a detonation, cculd cause the detonation to
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because of the first shock. but then, not only wasz this reaction
quenched in the manner suggested by Campbell, but also the
explosive in this shocked, compressed state was unable to
propagate & detonation already established in the unshocked
region. Thase obsarvaticns lead us to coanclude that the hLypo-~
thesis of Campbell can tas valid under appropriate conditions.

In the case of long cvlinders shocked from ons end, the retona-
tion can be explained by the fact that rarsfactions behind the
growing shock (originating mainly at the cylinder stides), will
return the explosive to a condition where it is again receptivs
to a build-up to detonation by a shock origirating at the region
where detonation is ectablished. Some very interesting expsri-
ments described by Clay, et al (29) in which a shock in
Composition B is found to grow to a detonation after passage
through a preshocked zono also may find explanaticn in the
obsexvation of preshock guenching.

SUMMARY

We have ¢xamined the growth-to-detonatior from mechanical
shock for TNT and 3 cyclotols, Both cast and presied charges
have bgen studied. Expsriments have baen conducted over a
pressure rang. from 30 to 120 kilobars. in the cast charges
the initial wave in the shocked specimen }..a the character of a
non-reactive shock. The initial wave velocities in these charyes
have.boon used to compute the peak pradsures behind these initial
shocks., Tne build-up to detonaticn has been Touind L0 bu aenaitive
to the RIY particle size in two cyclotols of very similar composi-
tion and density. The build-up to det<nation has further bsen
found to occur more rapidly in pressed charges than in cast
chargas of the same composition and density. These obssrvations
leod us *o conclude that ir this range of iritial sliock preasures,
the init.ation occcurs at localized canters from whica the
reaction spreads. Before wuy can be surc that the hct-spoc
mechanism is the conly mechaniem for polycrystalline zolids at
higher shock pressures more iniormgtion is needed in the higher
range. 1In particu'ar it will be necesssry to deavelop an eJuation
cf state for solid explosives in which the temperature can be
accurataly defined. It remains & pospibility i3 the higher range
of pressures, betwwen about 120 kilobars and the detoration
pressurg, that thsre may be competing processes going on. Mora
or less homogeneouz reaction mnay e taking place when the Hugoniot
enargy jump exceeds about 100 cal/gm, particularly if the
activation energy can bs decreased by compression &s has been
recently suggested by Teller (32)., It also remains for future
work to establish the detzils of the proctoss of localized initia-

ion of reaction near tha thresho.d limita o rhock prescures,
that is, in the range of pressurec below .0 k..obarz for mosc
s0lid military explosivas.

12
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AT TR AN e

TABLE 1 .

The Explosives Stuuied,
Theitr State and Densities

E::plosive _ State Pensity, gég!i

1. Compositicn B
RIX,/THT/MWax: 59/40/1 Cast 1.71

2. Composition B-3
RDX/TNT 60/40
{(Mean RDX Particle size:

60-80 microns) Cast 1.72
3. (‘yc!otol

RIDX/TNT; 7%/28% Cast 1.73
4. Trinitrotoluene (TNT) Cast 1.58

(Microcrystalline) 1.62
S. Triritiotoluene Preesed 1.%51

(Mean Particle Sige: 1.61

40-80 microns) 1.64
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. TABLE 2

Fxperimental Constants for Bquation 1:
(U and u in mm/miciosecond)

— —iaterial —f2 —a_ _k_  _c
Navel Brass 8.37 3.560 1,833 0
Plexiglas 1.18 2,710 1.568 -0.037
Lucital 1.19 2.588  1.51
TRT 1.60-1.62 2.39 2.05 ]
TNT (liquid)? 1.472 2.00 1.68 0
compusition P B-3 1.72 2.7 l1.86 0
1. Reference 12 +
2. Reference 30
k
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